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ABS TRACT 

The e f f e c t  of g r a v i t y  on t h e  columnar-to-equiaxed m i c r o s t r u c t u r a l  t r a n s i t i o n  

w a s  s tud ied  i n  s m a l l  samples of NH C1-H,20. 

o r a to ry  (one-gravity) s imulat ions w a s  con t r a s t ed  with t h e i r  behavior during t h e  

SPAR V (low g rav i ty )  sounding rocket  f l i g h t .  I n  one g r a v i t y ,  t h e  columnar zone ac- 

counted f o r  25 t o  100% of t h e  s t r u c t u r e ,  depending on t h e  superheat  and o r i e n t a t i o n  

of t h e  c h i l l .  Grain m u l t i p l i c a t i o n  occurred by showering and by convection induced 

dendr i t e  arm remelting. Convection w a s  caused by both thermal g rad ien t s  and s o l u t a l  

g rad ien t s .  I n  low g r a v i t y ,  completely columnar s t r u c t u r e s  w e r e  obtained;  a l l  g r a i n  

m u l t i p l i c a t i o n  mechanisms were e n t i r e l y  supressed. 

modified t h e  thermal condi t ions and caused t h e  l i q u i d  t o  coo l  more slowly, This 

r e s u l t e d  i n  a s t e e p e r  temperature g rad ien t  i n  t h e  l i q u i d  ahead of t h e  s o l i d i f i c a t i o n  

i n t e r f a c e .  The growth rate of t he  s o l i d  w a s  n o t  a f f e c t e d .  A spring-loaded expan- 

s i o n  p i s t o n  jammed, causing "big bang" nuc lea t ion  i n  two chambers and d i s t r i b u t i n g  

n u c l e i  throughout t h e  l i q u i d .  

form, i n d i c a t i n g  t h a t  t h e  most s i g n i f i c a n t  e f f e c t  of low g r a v i t y  on t h i s  experiment 

w a s  t h e  modif icat ion of t h e  thermal condi t ions.  This r e s u l t e d  i n  a s i t u a t i o n  i n  

which the  equiaxed g r a i n s  could n o t  grow and rendered t h e  columnar-to-equiaxed t ran-  

s i t i o n  impossible 

The behavior of t h e  samples 'during lab- 4 

The absence of. g r a v i t y  a l s o  

Despite t h i s  occurrence,  an equiaxed zone d i d  no t  

iii 
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INTRODUCTION 

A zone of equiaxed (roughly s p h e r i c a l )  g r a i n  s t r u c t u r e  w i l l  form i n  a c a s t i n g  

only when n u c l e i  f o r  equiaxed g r a i n s  are p resen t  i n  t h e  m e l t  and growth of t h e  equi- 

axed g ra ins  i s  more r ap id  than growth of t he  columnar g r a i n s  (Ref, 1). Both condi- 

t i o n s  are necessary and both s t e p s  can be  inf luenced by g r a v i t a t i o n .  

Nuclei can appear i n  t h e  m e l t  i n  va r ious  ways. Inocu lan t s  may be  p re sen t ,  mak- 

ing nuc lea t ion  easy (Ref. 2 ) .  A t  low m e l t  superheat?  a l a r g e  number 'of n u c l e i  may 

form during pouring and be d i s t r i b u t e d  through the  l i q u i d  according t o  l o c a l  f l u i d  

flow p a t t e r n s  ("big bang" nuc lea t ion  (Ref. 3 ) ) .  Convection, caused by thermal gra- 

d i e n t s ,  can induce remelt ing and break-off of d e n d r i t e  arms from t h e  growing den- 

d r i t i c  i n t e r f a c e .  These arms are then t r anspor t ed  t o  t h e  c e n t e r  of t h e  c a s t i n g  and 

act as n u c l e i  f o r  t h e  formation of t h e  equiaxed g r a i n s  (Ref. 3 ) .  Convection may 

a l s o  be  caused by t h e  presence of composition g rad ien t s  which arise from r e j e c t i o n  

of s o l u t e ,  even i n  a nonconvective thermal f i e l d .  This process  has been shown t o  

be r e spons ib l e  f o r  t h e  formation of f r e c k l e s ?  regions of f i n e  equiaxed g r a i n s  i n  a 

d i r e c t i o n a l l y  s o l i d i f i e d  columnar g r a i n  s t r u c t u r e  (Refs,  4 ,  5).  Also, Southin has  

demonstrated (Ref, 6) t h a t  fragments of dendr i t e s  can grow a t  t h e  open s u r f a c e  of 

t h e  s o l i d i f y i n g  ingo t ,  "shower" down through t h e  m e l t ,  s e t t l e  on t h e  advancing co- 

lumnar i n t e r f a c e ,  and form equiaxed g r a i n s ,  F i n a l l y ,  c o n s t i t u t i o n a l  supercooling of 

t he  m e l t  ahead of t h e  i n t e r f a c e  can, i n  p r i n c i p l e ,  cause nuc lea t ion  (Ref. 7), al- 

though this is  r a r e l y  observed. 

A l l  of t h e  above mechanisms are inf luenced by g r a v i t a t i o n a l  a c c e l e r a t i o n .  Re- 

duced g r a v i t y  w i l l  slow down o r  su rp res s  those mechanisms t h a t  depend o n ' d e n s i t y  d i f -  

ference,  namely thermal convections,  s o l u t a l  convection, and showering. I n  t h e  case 

of heterogeneous nuc lea t ion  reduced g r a v i t y  could enhance nuc lea t ion  by preserving 

a more uniform d i s t r i b u t i o h  of i nocu lan t s ,  because of r educ t ion  of t h e  Stokes '  set- 

t l i n g  o r  f l o a t i n g  f o r c e ,  A s  f o r  c o n s t i t u t i o n a l  supercooling, reduced g r a v i t y  may 

change the s o l u t a l  and thermal g r a d i e n t s  near  t h e  i n t e r f a c e  by a l t e r i n g  thermal and 

mass t r a n s p o r t  i n  t h e  m e l t .  The p r e c i s e  e f f e c t  of a r educ t ion  i n  g r a v i t y  on each 

one of t h e s e  g rad ien t s  i s  not  obvious; both might be expected t o  be 

s t e e p e r ,  with t h e  thermal g rad ien t  being modified more than t h e  s o l u t a l  g r a d i e n t  

1 i 



(Ref. 8). However, valid guidelines for a priori predictions of the effects of re- 

duced gravity on these gradients at the solidification interface have not yet been 

developed. 

Likewise, it is difficult to predict how reduced gravitational acceleration will 
In the only model which di- . affect growth of equiaxed relative to columnar grains. 

rectly considers growth, Burden and Hunt assume that the rate of growth of the co- 

lumnar interface decreases continuously thereby causing the temperature at the 
growth interface to go through a maximum (Refs. 9,lO). A s  the growth rate of the co- 
lumnw grain cantlnues to fall the interface temperature decreases, thereby increas- 
ing the rate of heat transport out of the melt and increasing the growth rate of 
equiaxed grains, causing the columnar-to-equiaxed transition (CET). They do not 

consider convective effects; and an increased temperature gradient can lead to an 
increased or decreased growth rate depending upQn which side of the maximum in the 

grQwth rate versus interface temperature curve one is located. 

In a clear cut low gravity experiment using NH4C1 solutions, Johnston and 
Griner (Ref, 11) showed that dendrlte arm remeltlng caused by thermal inversion 
driven convection did not ~ccur, and a campletely columnar structure was obtained. 

Other low gravity experiments have resulted in the formation of equiaxed structures 

instead of the expected columnar structures (Refs. 12, 131, but these observations 
renained largely unexplained. 

mechanical properties have prompted the current investigation. The main objective 

of this study was to directly observe the effect of a reduction in gravity on the 

CET (Ref. 14). It was thought that the experiment should be designed so that the 

Qccurrence of the CET varied in a systematic fashion in the ground base simulations; 

it was thus expected that the primary effect of reduced gravity on CET could be es- 

tablished. 

The significant effects of grain structure on some 

2 



EXPERIMENTAL PROCEDURE 

This experiment was performed in a specially built apparatus which was designed 

'for the payload of a Black Brandt sounding rocket. 
fall interval of approximately 250s occurs in which all accelerations are less than 

10-4g0 (go = 980 cm/s2). 
after lift-off. 
during that interval. 
35 mm camera which took 230 photographs at a rate of one frame per second. 
ratus has been described in detail elsewhere (Ref. 15), thus only a brief descrip- 

tion will be given here. 

shown schematically in Fig. 1. 
of copper, brazed to a top plate of stainless steel. 

of plexiglass and are sealed with "0" rings. 

radial heat extraction from the samples to simulate weld bead solidification and to 

allow direct observation of the experiment. 

metrically as shown in Fig. 2. All of the chill blocks were machined from a single 

piece of copper. The copper web which joins the four cells serves to transmit heat 

to and from the cells during prelaunch soaking and during the quench. Before launch 
the four-sample assembly is heated to and controlled at a uniform temperature of 

8OOC. 

opens a solenoid valve which allows liquid freon-12 to spray on the copper web, 

cooling the samples. 

recorded by the camera. 

measure the temperature of the sample material in chamber I. 
located in the front and back plexiglass faces at equal intervals of 1/4 of the 
radius starting at the apex of the chamber. 

temperature of the chill block, 
trated by the figures in the Results and Discussion section. 

During the rocket flight, a free- 

This "low-gravity" interval begins at approximately 80s 

The apparatus was programmed to perform a solidification experiment 
The progress of the low-gravity experiment was recorded by a 

The appa- 

The heart of the apparatus is the solidification chamber, 
It consists of a semicylindrical chill block, made 

The front and rear faces are 

This geometry was chosen to provide 

Four such chambers are arranged sym- 

At launch, power to the heaters is cut off and at 100s after lift off a timer 

Solidification takes place during the following 200s and is 
Simultaneously, readings are taken from thermistors which 

The thermistors are 

Two additional thermistors record the 

Other details of the sample chambers are illus- 

Two H,O;NH4Cl hypereutectic alloys were used; 325 grams of N I i 4 C l  per litre 

The NH4C1 was reagent 
The liquidus temperatures 

o f  wlution (soluticm A) and 362.5 gm/litre, solution B. 
gmde and the solutians were filtered after preparation. 
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were 35 and 55OC, respectively. 

(Ref. 5). 

respectively. 

The solidus is given as -15OC by Copley, et al. 

The soak temperature was 8OoC, thus the superheats were 45 and 25OC, 

TOP PLATE, 
STAINLESS 

WE0 CHILL 

0149-001 

Fig. 1 Schematic Drawing of a Solidification Chamber 
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0149-002 
Fig. 2 Overall View of the Flight-Ready Sample Holder Consisting of Four!Solidification 

Chambers and Related Accessories 
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RESULTS AND DISCUSSION 

LABORATORY ( ONE-GRAVITY) EXPERIMENTS 

Repeated labora tory  s imula t ions  w e r e  performed wi th  the  f l i g h t  apparatus  i n  

order  t o  a r r i v e  a t  an optimum combination of t h e  t h r e e  experimental ly  v a r i a b l e  

parameters: s o l u t i o n  concent ra t ions ,  soak temperature,  and cooling rate. The va lues  

f i n a l l y  chosen w e r e  such t h a t ,  during one run,  t h e  s o l i d i f i e d  micro-s t ructures  va r i ed  

from 25 t o  100% columnar and t h r e e  gravity-dependent g r a i n  m u l t i p l i c a t i o n  mechanisms 

occurred. The r e s u l t s  of t hese  t y p i c a l  labora tory  s imula t ions  are descr ibed i n  t h i s  

s ec t ion .  

Figure 3 shows one of t h e  lower chambers a t  150s a f t e r  s imulated l i f t - o f f .  No 

s o l i d  has formed y e t .  Since t h e  semicyl indr ica l  w a l l  of t h e  sample chamber w a s  the  

c h i l l ,  a thermal invers ion  w a s  p resent  i n  t h i s  o r i e n t a t i o n .  

orous convection which w a s  made v i s i b l e  by a simple Schl ie ren  technique; a ru l ed  

g r i d  had been i n s t a l l e d  on the  rear f a c e  of each chamber, 

are th ree  ho le s  i n  the  rear f ace  of t h e  sample chamber. The two s m a l l  ho les  i n  the  

corners  are f o r  f i l l i n g  and emptying, and the  l a r g e r  ho le  communicates wi th  t h e  ex- 

pansion chamber. 

t h i ck  p l ex ig l a s s  back p l a t e .  It contains  a spring-loaded p i s ton  and w a s  requi red  t o  

a l low f o r  expansion and con t r ac t ion  of t h e  sample during hea t ing  and cooling. 

provided a cons tan t  h y d r o s t a t i c  pressure  i n  t h e  sample chamber, 

r i ng  o f  t he  p i s t o n  i s  v i s i b l e  as a black semic i rcu lar  f e a t u r e  behind t h e  hole .  

Figure 4 shows a l l  f o u r  chambers a t  243s a f t e r  s imulated l i f t - o f f .  

This gave rise t o  vig- 

A l s o  v i s i b l e  i n  Fig.  3 

The expansion chamber i s  a 12.5 mm diameter ho le  i n  the  12.5  mm 

It 

P a r t  of t h e  "0" 

mite NH4Cl 
c r y s t a l s  are p resen t  i n  each one. 

I1 and I V  conta in  s o l u t i o n  B. Chambers I and I1 had a completely columnar s t r u c t u r e  

a t  t h i s  po in t  whereas chambers I11 and I V  had a l ready  developed a s u b s t a n t i a l  equi- 

axed zone, i n  add i t ion  t o  t h e  columnar growth which o r ig ina t ed  a t  t h e  c h i l l .  

experiment proceeded, columnar growth continued i n  I1 u n t i l  s o l i d i f i c a t i o n  w a s  com- 

p l e t e  whereas g r a i n  m u l t i p l i c a t i o n  began i n  I and a s u b s t a n t i a l  equiaxed zone formed. 

A t  t h e  end of t h e  experiment, columnar growth accounted f o r  40% of I, 100% of 11, 

25% of 111 and 50% of I V ,  wi th  the  remainders equiaxed. Grain m u l t i p l i c a t i o n  oc- 

curred i n  111 and I V  via dendr i t e  remelt ing caused by convection cu r ren t s .  

Chambers I and 111 conta in  s o l u t i o n  A and chambers 

A s  the  

The 
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0149-003 

t = 150s 

5 mm 

Fig. 3 Vigorous Thermal Inversion Driven Convection in IV  During a 
Laboratory Simulation, t = 150s 
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convection cu r ren t s  w e r e  d r iven  by thermal inve r s ion  induced dens i ty  d i f f e rences .  

The numerous c r y s t a l s  v i s i b l e  i n  I11 and I V  w e r e  melted o f f  t h e  columnar i n t e r f a c e  

by these  convection cu r ren t s  and subsequently f e l l  t o  t h e  bottom of t h e  chamber. 

I n  I, g ra in  m u l t i p l i c a t i o n  w a s  mainly caused by showering and, t o  a l i m i t e d  e x t e n t ,  

by convection induced dendr i t e  arm remelt ing.  Figure 5 shows a t y p i c a l ,  small, 

g r a i n  m u l t i p l i c a t i o n  convection cell i n  I. Since the  c h i l l  i n  I w a s  on rhe bottom 

the re  w a s  no thermal inve r s ion  and thus  t h i s  w a s  a compositionally induced convec- 

t i o n  cell.  A s  t he  NH C1:H 0 s o l i d i f i e s  i n  a columnar fash ion ,  water i s  r e j e c t e d  i n  

the i n t e r d e n d r i t i c  regions and the  l i q u i d  t h e r e i n  becomes enriched i n  water and 

l i g h t e r  than  t h e  l i q u i d  ahead of the dendr i t e  t i p s .  I n  t h e  absence of complete 

mixing, t h i s  g ives  rise t o  a dens i ty  invers ion  and hence, convection., The l i q u i d  

which rises between the  columnar dendr i t e s  a c c e l e r a t e s  dendr i t e  a r m  remelt ing.  

Dendr i t ic  debr i s  rises above t h e  dendr i t e  t i p s ,  l ead ing  t o  formation of equiaxed 

g ra ins  (Fig.  5 ) .  These r e s u l t s  i l l u s t r a t e  t h e  e f f e c t s  of s o l u t e  concentrat ion and 

o r i e n t a t i o n  of t h e  c h i l l  ( c h i l l  on top versus  c h i l l  on bottom) on t h e  e x t e n t  of t h e  

columnar zone. 

4 2 

Figure 6 shows t h e  r e s u l t s  of a s imulat ion i n  which the  apparatus  w a s  r o t a t e d  

90' so t h a t  t h e  c h i l l  blocks w e r e  on the  s i d e s  of t h e  chambers. 

r e s u l t e d  i n  a h ighly  nonuniform i n t e r f a c e  shape. 

columnar while I and I11 were mainly equiaxed. 

convection and by showering. 

This o r i e n t a t i o n  

Chambers I1 and I V  w e r e  mainly 

Grain m u l t i p l i c a t i o n  occurred by 

LOW-GRAVITY EXPERIMENT, GENERAL OBSERVATIONS 

The experiment w a s  flown on NASA's sounding rocket f l i g h t ,  SPAR V. The appa- 

r a t u s  success fu l ly  performed t h e  experiment and t h e  fol lowing da ta  w e r e  obtained.  

I n t e r p r e t a t i o n  was f a c i l i t a t e d  by making t h e  one frame pe r  second f l i g h t  f i l m  i n t o  

a 16 mm c ine  f i l m  which could be  p ro jec t ed  at var ious  rates. 
f i l m  has been submitted t o  the  program o f f i c e  a t  MSFC. 

A copy of t h e  c ine  

Figure 7 shows nuclea t ion  and i n i t i a l  growth of s o l i d  i n  We* Nine n u c l e i  

formed wi th in  seventeen seconds of each o t h e r  a t  several l o c a t i o n s  along t h e  c h i l l .  

These c r y s t a l s  r ap id ly  grew sidewise and eventua l ly  jo ined  t o  form a macroscopically 

i r r e g u l a r  so l id - l iqu id  i n t e r f a c e  N o  evidence of Schl ie ren  e f f e c t s  can be  de t ec t ed ,  

---3_-- 

*A11 of t h e  photographs taken during SPAR V have a pronounced s c r a t c h  which w a s  
caused by a de fec t  i n  the  f l i g h t  camera, 
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t = 2405 

t = 2468 

t = 250s 

t = 2438 

t = 2475 

t=251S 

t = 2445 

t = 2485 

t = 2455 

t = 2495 

t = 2535 t = 2525 

01 49-005 

7 
1 cm 

Fig. 5 Compositionally induced Grain Multiplication Cell in Chamber I 
During a Laboratory Simulation 
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49-006 

I V  I 

I l l  I I  

t = 170s 

Fig. 6 Appearance of All Four Chambers During a Laboratory Simulation in Which Sample Holder was 
Rotated info a Vertical Orientation, t = 170s 

11 



t = 1555 

01 49-007 
t = 160s - 

5 mm 

Fig. 7 Nucleation and initial Growth in IV During Low-Gravity Exbriment 
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thus ,  reduced g r a v i t y  has supressed t h e  vigorous convection observed i n  t h e  labora-  

t o r y  s imula t ion  (Fig. 3 ) ,  as expected. The i r r e g u l a r  i n t e r f a c e  evened ou t  as 

growth continued and, as seen  i n  Fig. 8 ,  a macroscopically smooth s o l i d - l i q u i d  in-  

t e r f a c e  evolved. Comparison among Figs .  4 ,  6 ,  and 8 shows t h e  s t r i k i n g  e f f e c t  of 

g r a v i t a t i o n  on macroscopic i n t e r f a c e  shape. I n  Fig. 8 t h e r e  is, of course,  no d i f -  

fe rence  between ch i l l -up  and chill-down p o s i t i o n s ,  b u t ,  i n  a d d i t i o n ?  t h e  so l id -  

l i q u i d  i n t e r f a c e  f a i t h f u l l y  reproduces t h e  shape of t he  c h i l l .  The shape of t he  

s o l i d - l i q u i d  i n t e r f a c e  i n  t h e  l abora to ry  s imula t ions  (Figs .  4 and 6 )  w a s  obviously 

inf luenced  t o  a l a r g e  e x t e n t  by convection i n  t h e  l i q u i d ,  

spacing a l s o  appears  t o  have been s i g n i f i c a n t l y  more uniform i n  the  low-gravity ex- 

periment (compare Figs .  4 ,  6 ,  and 8). 

The primary dendr i t e  

Figure 9 shows t h e  low-gravity experiment a t  270s. S o l i d i f i c a t i o n  i n  chambers 

I1 and I V  i s  almost complete. A l l  four  samples s o l i d i f i e d  wi th  a completely colum- 

n a r  mic ros t ruc tu re ,  no columnar-to-equiaxed t r a n s i t i o n  occurred,  and no g r a i n  mul- 

t i p l i c a t i o n  mechanisms w e r e  observed,  

than t h e  macroscopic i n t e r f a c e ?  as had been repor ted  i n  another  low-gravity experi- 

ment (Ref. 11) .  Severa l  p e c u l i a r  events  occurred which w i l l  be  discussed i n  t h e  

f i n a l  s e c t i o n .  However, i n  order  t o  f a c i l i t a t e  i n t e r p r e t a t i o n ,  t h e  thermal d a t a  

w i l l  be  presented now. 

No dendr i t e s  were observed t o  grow f a s t e r  

LOW-GRAVITY EXPERIMENT, THERMAL DATA 

Thermistors had been i n s t a l l e d  i n  the p lex ig l a s s  f aces  of chamber 1 such t h a t  

t h e i r  sens ing  elements were i n  in t ima te  con tac t  wi th  the  sample material. 

loca ted  on the  back f a c e  and two on the  f r o n t ,  as i l l u s t r a t e d  i n  Fig. 4 ,  
thermis tors  w e r e  i n  I1 and on the  c h i l l .  A continuous record  of t h e  temperature as 

a func t ion  of t i m e  w a s  te lemetered t o  t h e  t r ack ing  s t a t i o n  during the  rocke t  experi- 

Two were 

Addi t iona l  

ment. Figure 10 shows da ta  from two of t h e  thermis tors  f o r  t he  f l i g h t  experiment 

and f o r  t h ree  d i f f e r e n t  o r i e n t a t i o n  ground base s imula t ions .  The c h i l l  cooled a t  

p r a c t i c a l l y  the  same rate i n  a l l  fou r  tests ( d a t a  from t h e  top c h i l l  test w e r e  per-  

turbed by d i r e c t  impingment of freon-12 on the chi l l -b lock  the rmis to r ) ?  and t h e  

c e n t e r  of t he  samples cooled a t  almost  i d e n t i c a l  rates i n  t h e  th ree  l abora to ry  simu- 

l a t i o n s .  However, t he  cen te r  of t h e  sample cooled a t  a s i g n i f i c a n t l y  slower rate i n  

t h e  f l i g h t  experiment. This behavior  i n d i c a t e s  t h a t  convection i n  t h e  l i q u i d  ac- 

counts f o r  a s i g n i f i c a n t  po r t ion  of t h e  thermal t r a n s p o r t  i n  a l l  of t h e  l abora to ry  

s imula t ions ,  T h i s  w a s  t r u e  i r r e s p e c t i v e  of t he  o r i e n t a t i o n  of t h e  c h i l l .  It i s  
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thought t h a t  t h e  semicy l ind r i ca l  shape of t h e  c h i l l  w a s  a con t r ibu to ry  f a c t o r  i n  

t h i s  behavior; i .e . ,  t h e  dens i ty  s t r a t i f i c a t i o n  w a s  never purely h o r i z o n t a l ,  i t  w a s  

always conducive t o  n a t u r a l  convection. 

The slower cool ing of t h e  c e n t e r  of t h e  sample i n  low-gravity r e s u l t e d  i n  t h e  

presence of a s t e e p e r  thermal g rad ien t .  This is  i l l u s t r a t e d  i n  F ig ,  11, It can be 

seen t h a t ,  on a macro-scale, t h e  thermal g r a d i e n t  ahead of t h e  s o l i d - l i q u i d  i n t e r -  

f ace  w a s  s i g n i f i c a n t l y  g r e a t e r  during t h e  low-gravity experiment, It i s  thought 

t h a t  t h i s  behavior w i l l  be  a gene ra l  f e a t u r e  of low-gravity s o l i d i f i c a t i o n  opera- 

t i o n s  i n  which t h e  thermal g rad ien t  i n  t h e  l i q u i d  i s  n o t  imposed by t h e  apparatus  

and h e a t  e x t r a c t i o n  occurs through the  s o l i d .  

The rate of growth of t h e  s o l i d  w a s ,  however, no t  inf luenced by t h e  gravi ty-  

f r e e  environment. Figure 12 shows t h e  length of  t h e  s o l i d  measured along the  c e n t e r  

l i n e  of t h e  f r o n t  f a c e  of t h e  sample chamber f o r  s o l u t i o n  A .  Within experimental  

e r r o r  a l l  t h r e e  samples grew a t  t h e  same rate. The d a t a  from s o l u t i o n  B l e d  t o  a 

similar conclusion, 

of t h e  extremely nonuniform shape of t h e  growth f r o n t ,  

pected s i n c e  t h e  rate of growth i s  c o n t r o l l e d  by thermal t r a n s p o r t  of t h e  l a t e n t  

h e a t  from the  growth i n t e r f a c e  t o  t h e  c h i l l .  

and i s  independent of g r a v i t a t i o n a l  e f f e c t s ,  

Data from t h e  s i d e - c h i l l  experiments are no t  included because 

These r e s u l t s  are t o  be  ex- 

This  occurs through t h e  s o l i d  NH4C1 

It is t h e  opinion of t h e  authors  t h a t  t h e s e  thermal d a t a  are of p a r t i c u l a r  im-  

portance i n  understanding t h e  e f f e c t s  of g r a v i t a t i o n  on t h i s  experiment. 

t i c u l a r ,  t h e  thermal da t a  show t h a t  because of reduced convective t r a n s p o r t  of h e a t ,  

t h e  l i q u i d  po r t ion  of t h e  sample w a s  s i g n i f i c a n t l y  warmer, 

thermal g rad ien t  i n  t h e  l i q u i d ,  b u t  more s i g n i f i c a n t l y ,  t h i s  d i d  n o t  allow f o r  t h e  

growth of any equiaxed g r a i n s  ahead of t h e  columnar i n t e r f a c e .  

convective mechanisms occurred t o  t r a n s p o r t  n u c l e i  i n t o  t h e  l i q u i d ,  b u t  t h i s  is  

thought t o  be  of secondary s ign i f i cance .  Even i f  n u c l e i  had been p resen t  t h e  ther-  

m a l  condi t ions would n o t  have allowed them t o  grow. I n  o rde r  f o r  a n  equiaxed zone 

t o  form, growth of  t h e  equiaxed g r a i n s  must occur f a s t e r  than growth of t h e  colum- 

n a r  g ra ins .  This w a s  n o t  p o s s i b l e  i n  t h e  reduced g r a v i t y  experiment. Support f o r  

t h i s  viewpoint can be found i n  several unexpected even t s  which occurred during t h e  

f l i g h t  experiment. 

I n  par- 

This l e d  t o  a s t e e p e r  

No g r a v i t y  d r iven  

17 



50 
0 
v) w 
w 

x 
0 
w' 30- 
3 
I- 

w 

a 

a a 
2 p 10- 

-10- 

C = LOW GRAVITY 
T=SlDECHlLL 
S = BOTTOM CHILL 
D =TOP CHILL LOCATION OF , 

INTERFACE 

I 
t 

-2 2 6 I O  14 18 
DISTANCE FROM CHILL, mm 

0149-01 1 

Fig. 11 The Thermal Gradient in I at  t = 300s for the Flight Experiment and Three Laboratory Simulations. 
Location of the Solid-Liquid Interface is Marked with an Arrow. 

18 



CIRCLES = LOW-GRAVITY 
TRIANGLES = TOP CHILL 
DIAMONDS = BOTTOM CHILL 

150 200 250 300 350 
0 

0149-01 2 TIME SINCE LIFT-OFF, SECONDS 

Fig. 12 Growth of NH&I (Solution A) During the Flight Experiment and Two Laboratory Simulations 

19 



. LOW-GRAVITY EXPERIMENT, PECULIAR EVENTS 

An a i r  bubble w a s  p re sen t  i n  chamber 11, This bubble i s  presumed t o  have been 

During s o l i d i f i c a t i o n  t h e  bub- caused by incomplete f i l l i n g  of t h e  sample chamber. 

b l e  grew i n  s i z e  due t o  shrinkage, i n d i c a t i n g  t h a t  t h e  expansion p i s t o n  i n  ce l l  I1 

w a s  n o t  funct ioning properly.  

t h e  bubble. Figure 13 shows t h i s  event  and subsequent growth, This  seems t o  have 

been a nuc lea t ion  event,  b u t  i t  is  p o s s i b l e  t h a t  s o l i d  simply grew along t h e  rear 

s u r f a c e  of t h e  bubble from e x i s t i n g  s o l i d .  I n  e i t h e r  case, t h i s  i n d i c a t e s  t h a t  t h e  

l i q u i d  near  t h e  s u r f a c e  of t h e  bubble w a s  coo le r  than l i q u i d  i n  t h e  bulk.  This 

thermal s h o r t  c i r c u i t  through t h e  bubble must have been t h e  r e s u l t  of a n  evaporat ion/  

A t  173s, NH4C1 c r y s t a l s  appeared on t h e  s u r f a c e  of 

condensation mechanism s i n c e  simple gaseous conduct ivi ty  should have 'been s i g n i f i -  

c a n t l y  less than the  conduct ivi ty  of t h e  l i q u i d  o r  s o l i d .  

About 20 seconds later,  another  p e c u l i a r  event  occurred i n  11. Figure 1 4  
shows t h i s  chamber a t  195s and t h e r e a f t e r ,  A t  195s bubbles were v i s i b l e  i n  t h e  ex- 

pansion chamber, they had been growing s t e a d i l y  i n  the  10 preceeding seconds. 

196s these bubbles disappeared and t h e  ho le  i n  the  rear f a c e  of t h e  c e l l  which com- 

municates with t h e  expansion chamber was f i l l e d  with a cloud of s m a l l ,  opaque ob- 

jects  presumed t o  be NH C 1  c r y s t a l s ,  Subsequently t h e s e  c r y s t a l s  grew s l i g h t l y  and 

w e r e  s h o t  ou t  i n t o  the  c e n t e r  of t h e  chamber. By 200s they had arranged themselves 

i n t o  a saddle-shaped configurat ion.  

o v e r a l l  shape of t h e  f e a t u r e  changed only s l i g h t l y  i f  a t  a l l .  A s  s o l i d i f i c a t i o n  

continued t h e  columnar growth f r o n t  simply grew p a s t  t h e  small c r y s t a l s  u n t i l  t h e  

f e a t u r e  w a s  o b l i t e r a t e d  a t  about 275s. A t  196s, j u s t  a f t e r  t h e  bubbles i n  t h e  ex- 

pansion p i s t o n  col lapsed,  a s m a l l  bubble can be  seen  i n  t h e  c e n t e r  of t h e  NH4C1 

which had grown on the  4 mm bubble previously i l l u s t r a t e d  i n  Fig.  13. 

i s  loca ted  a t  t h e  top of t h e  chamber i n  Fig,  14 ,  Simultaneously, fragments of 

NH4C1 appeared i n  the l i q u i d  j u s t  ahead of t h e  NH4C1 which had formed o n ' t h e  bubble 

su r face .  These observat ions,  and repeated viewing of t h e  c i n e  f i lm ,  l e d  t o  t h e  

following r econs t ruc t ion  of t he  event .  

A t  

4 

From then on t h e  c r y s t a l s  ha rd ly  grew and t h e  

This f e a t u r e  

It i s  presumed t h a t  t h e  spring-loaded expansion p i s t o n  w a s  jammed, thereby 

allowing t h e  p re s su re  i n  t h e  chamber t o  decrease and l ead ing  t o  bubble growth as 

s o l i d i f i c a t i o n  proceeded. J u s t  a f t e r  195s t h e  p i s t o n  must have come unstuck, sud- 

denly inc reas ing  the p res su re  i n  the  chamber and causing the bubbles t o  co l l apse .  

Copious, shock induced, nuc lea t ion  occurred i n  the  expansion chamber and t h e s e  

n u c l e i  w e r e  t r anspor t ed  i n t o  t h e  c e n t e r  of t h e  chamber by f l u i d  motion caused by 
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t h e  motion of t h e  expansion p i s t o n ,  The inc reased  p res su re  reduced t h e  s i z e  of t h e  

l a r g e  bubble i n  t h e  upper corner  of t h e  sample chamber from 4 t o  0.7 m. 
f l e c t e d  shock wave a l s o  punched ou t  some NH C 1  d e n d r i t e s  from t h e  s u r f a c e  of t h e  

cav i ty  which contained t h i s  bubble and pushed them i n t o  t h e  l i q u i d .  

of events  a t  t h e  expansion chamber can b e  a p t l y  descr ibed as "big bang" nuc lea t ion .  

C r y s t a l s  w e r e  nucleated by a shock and t r anspor t ed  i n t o  t h e  l i q u i d  by f l u i d  flow. 

For t h i s  experiment, however, t h e  most important a spec t  of t h i s  event  i s  t h e  obser- 

v a t i o n  t h a t  although copious n u c l e i  w e r e  formed and t r anspor t ed  i n t o  t h e  c e n t e r  of 

t h e  chamber, a s u b s t a n t i a l  equiaxed zone never formed. 

grow and d id  n o t  h a l t  t h e  advance of t h e  columnar i n t e r f a c e .  

simply grew p a s t  t h e  equiaxed ones and entrapped them. Z t  i s  thought, t h a t  t h i s  

growth w a s  a r e s u l t  of t h e  thermal condi t ions e x i s t i n g  i n  t h e  low-gravity environ- 

ment. This observat ion supports  t h e  hypothesis  t h a t ,  f o r  t h i s  experiment, t h e  p r i -  

mary e f f e c t  of t h e  low-gravity environment w a s  n o t  t h e  supression of g r a v i t y  r e l a t e d  

g ra in -mul t ip l i ca t ion  mechanisms b u t ,  r a t h e r ,  t h e  a l t e r a t i o n  of t h e  thermal condi- 

t i o n s  by the  e l imina t ion  of convective thermal t r a n s p o r t  i n  t h e  l i q u i d .  

The re- 

- 4  
The sequence 

The equiaxed n u c l e i  d i d  no t  

The columnar g r a i n s  

Figure 15 shows a similar sequence of events  which occurred i n  chamber I. A t  

214s bubbles w e r e  p re sen t  i n  t h e  expansion chamber. P r i o r  frames show t h a t  they had 

been growing s t e a d i l y ,  A t  215s t h e  bubbles had co l l apsed  and a f i lmy,  i n d i s t i n c t  

f e a t u r e  had appeared a t  t h e  bottom of the chamber. 

f e a t u r e  was more d i s t i n c t ;  subsequent frames show t h a t  i t  cons i s t ed  of s m a l l  NH C 1  

c r y s t a l s  which grew s l i g h t l y .  

i n  t he  expansion chamber d r i f t e d  o u t  i n t o  t h e  c e n t e r  of  t h e  s o l i d i f i c a t i o n  chamber 

(215-240s). They a l s o  grew only s l i g h t l y ,  and even seem t o  have been sh r ink ing  a t  

la ter  t i m e s  (275s). Their  s p a t i a l  arrangement d i d  n o t  change, aga in  i l l u s t r a t i n g  

t h e  absence of a Stokes s e t t l i n g  f o r c e  and of convection. 

sequence i s  thought t o  be similar t o  t h a t  pos tu l a t ed  f o r  chamber 11; a jammed ex- 

pansion p i s t o n  suddenly r e l eased ,  causing a p res su re  p u l s e  and a s m a l l  amount of 

c i r c u l a t i o n  of t h e  m e l t .  

e n t l y  f e a t u r e l e s s  region of the m e l t  ahead of t h e  s o l i d i f i c a t i o n  i n t e r f a c e  o r  simply 

t r anspor t ed  some very s m a l l  d e n d r i t e  fragments from t h e  i n t e r f a c e  i n t o  t h e  m e l t .  

Again, t he  most important a spec t  of t h i s  observat ion is  t h e  i n a b i l i t y  of t h e  s m a l l  

equiaxed n u c l e i  t o  grow, and t o  h a l t  t h e  growth of the columnar i n t e r f a c e .  The low- 

g r a v i t y  induced modif icat ion of t h e  thermal condi t ions rendered a columnar-to-equi- 

axed t r a n s i t i o n  impossible.  

One second later t h e  f i lmy 

4 
I n  a d d i t i o n ,  some small NH C 1  c r y s t a l s  which nucleated 4 

The explanat ion f o r  t h i s  

The p res su re  p u l s e  e i t h e r  caused nuc lea t ion  i n  a n  appar- 
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Fig. 15 Shock induced Nucleation and Subsequent Growth in I During Flight Experiment 
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The last  p e c u l i a r  observat ion i s  shown i n  Fig.  16,  This occurred i n  chamber 

I11 and involved t h e  appearance of s m a l l  c r y s t a l s  i n  an apparent ly  f e a t u r e l e s s  re- 

gion of the m e l t  ( t = l 8 1 ) ,  t h e  appearance of bubbles (t=189),  some s m a l l  motion of 

bubbles,  and the  growth of t he  columnar i n t e r f a c e  p a s t  t h e  bubbles w i t h  no apparent 

i n t e r a c t i o n .  No complete explanat ion f o r  t h e s e  events  is immediately obvious, bu t  

t he  growth of t h e  columnar i n t e r f a c e  p a s t  t hese  f e a t u r e s  i s  i d e n t i c a l  t o  the  obser- 

v a t i o n s  discussed previously (F igs ,  14 and 15 ) ,  and t h e  lack of i n t e r a c t i o n  between 

the  d e n d r i t i c  i n t e r f a c e  and t h e  bubbles i s  similar t o  previously r epor t ed  low-gravity 

observat ions (Ref. 1 6 ) .  

t = 180s t = 181s t = 188s - 
5mm 

t = 189s 

t = 196s t = 197s 

01 49-01 6 

t = 250s t = 275s 

Fig. 16 Appearance and Growth of Small Bubbles in 111 During Flight Experiment 
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SUMMARY 

An experimental  s tudy of t h e  e f f e c t  of a reduced g r a v i t y  environment on t h e  

4 2 columnar-to-equiaxed t r a n s i t i o n  i n  samples of 325 and 362.5 g m / l i t r e  NH C 1  i n  H 0 

has shown t h a t  i n  reduced g rav i ty :  

0 Vigorous thermal invers ion  dr iven convection i s  absent  

0 No g r a i n  m u l t i p l i c a t i o n  by showering occurs 

0 No thermal inve r s ion  dr iven  g r a i n  m u l t i p l i c a t i o n  cells occur 

0 N o  compositional i nve r s ion  dr iven  g r a i n  m u l t i p l i c a t i o n  cells occur 

0 Completely columnar s t r u c t u r e s  are obtained 

0 The l i q u i d  cools  s i g n i f i c a n t l y  slower than i n  one-gravity 

0 The thermal grad ien t  i n  t h e  l i q u i d  is steeper than i n  one-gravity 

0 The growth rate of t h e  s o l i d  i s  no t  changed 

0 A bubble can a c t  as a thermal s h o r t  c i r c u i t  

0 

0 

It is  thought t h a t  t h e  most s i g n i f i c a n t  e f f e c t  of t h e  reduced g rav i ty  environ- 

Induced b ig  bang nuclea t ion  did not  g ive  rise t o  an equiaxed s t r u c t u r e  

Bubbles w e r e  not  pushed by t h e  d e n d r i t i c  i n t e r f a c e  

ment on t h i s  experiment w a s  t he  modif icat ion of t he  thermal condi t ions i n  t h e  m e l t ,  

The lack of convective thermal t r anspor t  i n  t h e  l i q u i d  r e s u l t e d  i n  condi t ions  under 

which equiaxed g r a i n s  could not  grow and could not  h a l t  t h e  growth of t h e  columnar 

i n t e r f a c e .  

presence of s u f f i c i e n t  nuc le i .  

The columnar-to-equiaxed t r a n s i t i o n  w a s  rendered impossible d e s p i t e  t h e  

26 



ACKT3OWLEDGMENTS 

It i s  a p leasure  t o  acknowledge t h e  ex tens ive  con t r ibu t ion  of M. Kesselman, 

t h e  p r o j e c t  engineer ,  who w a s  respons ib le  f o r  t h e  success fu l  opera t ion  of t he  ap- 

pa ra tus .  

Serv ices  f o r  photographic a s s i s t ance ,  t o  J. Drauch f o r  experimental  a s s i s t a n c e ,  

t o  R. DeIasi, D. Larson, and R. P i r i c h  f o r  t echn ica l  d i scuss ions ,  and t o  P .  N .  

Adler f o r  t echn ica l  guidance and encouragement. 

Thanks are a l s o  due t o  J .  Mulholland and Grumman Aerospace P resen ta t ion  

27 



REFERENCES 

1. 

2. 

3 .  

4 .  

5. 

6 .  

7 .  

8 .  

9. 

10. 

11. 

12. 

H.  Fredriksson,  and M. H i l l e r t ,  "On t h e  Formation of t he  Cen t ra l  Equiaxed 

Zone i n  Ingots ,"  M e t .  Trans. Vol. 3 ,  565 (1972). 

G.S. Cole, K.W. Casey, and G.F. Bol l ing,  "A P r a c t i c a l  Method f o r  I d e n t i f y i n g  

Inoculants ,"  M e t .  Trans. Vol, 5, 407 (1974). 

K.A. Jackson, J . D .  Hunt, D.R, Uhlman, and T,P. Seward, "On t h e  Or ig in  of 

t h e  Equiaxed Zone i n  Castings," Trans. TMS-AIME, V o l ,  236, 149 (1966). 

A.F. G i a m e i  and B.H.  Kear, "On t h e  Nature of Freckles  i n  Nickel Base Super- 

a l l o y s , "  M e t .  Trans. ,  Vol. 1, 2185 (1970), 

S.M. Copley, A.F. G i a m e i ,  S.M, Johnson and M,P, Hornbecker, "The Or ig in  o f  

Freckles  i n  Un id i r ec t iona l ly  S o l i d i f i e d  Castings," M e t .  Trans. ,  Vol, 1, 

2193 (1970). 

R.T. Southin,  "Nucleation of t h e  Equiaxed Zone i n  Cast Melts," Trans. 

TMS-AIMF,, Vol. 239, 220 (1967). 

W.C. Winegard and B.  Chalmers, "Supercooling and Dendr i t i c  Freezing i n  

Alloys," Trans. ASM, Vol. 46, 214 (1954). 

H. Fredriksson, "Possible Dendrite Growth and Segregation Phenomena During 

S o l i d i f i c a t i o n  of Alloys i n  Space," ESA S p e c i a l  Pub l i ca t ion  no. 114. 

M,H. Burden and J . D .  Hunt, "A Mechanism f o r  t h e  Columnar-to-Equiaxed Transi-  

t i o n  i n  Castings o r  Ingots ,"  M e t .  Trans. Vol. 6A, 240 (1975). 

R.D. Doherty, P.D. Cooper, M.H. Bradbury, and F , J ,  Honey, "On t h e  Columnar- 

to-Equiaxed Trans i t i on  i n  Small Ingots ,"  M e t ,  Trans,  Vol. 8A, 397 (1977). 

M.H. Johnston and C.S. Griner ,  "The Direct Observation of S o l i d i f i c a t i o n  as 

a Function of Gravity Level,'' M e t .  Trans,  Vol. 8 A ,  77 (1977). 

E .C. McKannan, 94551 Metals Melting," Proceedings Third Space Processing 

Symposium, Skylab Resu l t s ,  p. 85, M-74-5 Marshall  Space F l i g h t  Center,  

Alabama, June 19 74. 

28 



13. J . M .  Papazian and T.Z. Kattamis, "Contained Polycrystalline Solidification 

in Low Gravity," Flight I Technical Report NASA TM X-3458, p. VIII-1 (1976). 

14 .  J . M .  Papazian and T.Z. Kattamis, "Technical Proposal for Contained Poly- 
crystalline Solidification in Low Gravity," RP-546 File no. 74-128 NAS, 

February 19 75. 

15. J . M .  Papazian, M. Kesselman, and T.Z. Kattamis, "Flight IV Technical Report 

for Experiment 74-37 Contained Polycrystalline Solidification in Low-G," 
Grumman Research Department Memorandum RM-645, December 1977. 

16. J . M .  Papazian and W.R, Wilcox, ?Lnteraction of Bubbles with Solidification 

Interfaces," AIM J. Vol. 16, no. 5, p. 447, May 11978 

29 


